Abstract. 2014 Long quiescent, stable and reproducible cylindrical plasma columns can be obtained as a result of the propagation of electromagnetic surface waves. The frequency of these waves is of the order of the electronplasma frequency and it lies in that part (~ 300-4 000 MHz) of the microwave spectrum where power generators with large enough output powers are readily available, at reasonable cost. Moreover, these waves can be excited very efficiently by using appropriate launching structures such as the surfatron. Such plasmas can, in certain instances, advantageously replace the positive column of DC discharges. This paper reviews the properties of the plasma columns sustained by the azimuthally symmetric surface wave. Special attention is given to the radial and axial electron density distributions, as well as to the radial density distributions of excited (radiative and metastable) atoms. Some demonstrated applications as well as further potential applications are also presented.
1. Introduction. -It is well known that it is possible to use microwave energy to sustain a plasma. The electromagnetic energy is transmitted to the plasma particles via the microwave electric field. This field accelerates the electrons that dissipate the microwave energy through elastic and inelastic collisions with neutral atoms. The ways in which the electric field can be imposed on the plasma are numerous. For example, it can be applied within an electromagnetic resonant cavity [1, 2] or using bounded plasma resonances [3, 4] , both methods enhancing the electric field intensity. It can also come from a wave travelling along the plasma column. A travelling wave can be supported by a slow wave structure that accompanies the plasma column [5] or it can propagate within a waveguide that encloses the plasma column [6] ; it can also use the plasma column as the sole propagating medium : such is the case with surface wave produced plasmas [7] .
Electromagnetic surface waves, sometimes called radio surface waves, have long been the subject of intensive works [8] . They date back to 1901 in connection with Marconi's first transmission across the Atlantic Ocean and its tentative explanation in terms of a wave being guided along the earth surface. As for plasma surface waves specifically, they were observed for the first time in 1958 by Trivelpiece [9] , as waves propagating along positive column plasmas. The power level used at that time was low enough so that the parameters of the DC plasma column were not affected by the fields of the surface wave propagating along it. A complete review on the experiments and on the theories concerning these non-ionizing plasma surface waves can be found, respectively, in [10] and [11] . In 1974, patents applications were filed [12] conceming surface wave launchers (later on called surfatron and surfaguide) that enable to produce long plasma columns with microwave energy. These results were then published in [13] . The object of this paper is to review the work done since then concerning surface wave produced plasmas.
A surface wave produced plasma column, as already mentioned, is a plasma sustained by the propagation of an electromagnetic surface wave that uses the plasma column as its sole propagating medium. Such a propagation can be considered to result from a periodic interchange of the energy in the wave field with the ordered kinetic energy of electrons.
The wave damps as it propagates since it transfers some of its energy to the plasma at each point along the column. This paper will consider only the stationary regime of wave propagation, i.e., we do not deal with the transient phenomena occurring as the microwave power is initially applied, when there is no plasma yet [14] .
It is interesting to point out that, for a given azi- Before going into theoretical and experimental details, we present an overall physical view of this type of plasma. Figure 1 shows the plasma column obtained at 40 mtorr of argon in a 25 mm i.d. tube with 80 W of microwave power at 500 MHz [13] . The column is 1.8 metre long. Note that the wave launcher (surfatron [15] ) is small and localized compared . to the extent of the plasma column it produces. Figure 2 shows the cross-sectional average value of the electron density measured as a function of axial position. Except for a region (1 ) close to the launcher, the electron density decreases approximately linearly with the distance from the launcher exit (indicated by a circle in figure 2) , until a cut-off value is reached (indicated by an arrow in figure 2) , after which the density drops abruptly to zero over a few centimetres only. When the microwave power absorbed by the launcher is increased (130 W instead of 100 W in figure 2), the column length increases. A close look at figure 2 shows that the plasma column obtained at 130 W is made up of the plasma column that is [29] .) (' ) The peculiar axial density variation over this interval is connected with the presence of a particularly high level of radiation field (space wave) near the launcher. This field becomes negligible compared to that of the surface wave at a distance from the launcher exit that ranges from about Ào/4 to Ào/2 (lo is the vacuum wavelength of the microwave signal), depending on the wavelength value of the surface wave [16] .
observed at 100 W, plus an additional length of plasma which is added on the high electron density side of the former column. At the same time, one notes that the slope of the axial electron density distribution remains the same at all points along the column, whatever the microwave power. It is thus more meaningful to reference the axial position in such a plasma with respect to the end of the column.
The surface wave produced plasma columns are in fact of two possible types. The Figure 3 shows the calculated intensity, as a function of radial position, of the radial and axial electric field componets 1 Er(r) 1 and 1 Ez(r) 1 of the azimuthally sym-(2) For the dipolar mode and all higher order azimuthal modes, the calculation requires the consideration of both TM and TE components in the solution, since these modes are hybrid. The assumption of a homogeneous plasma proves adequate to determine the wave dispersion curve, provided fia 1 (03B2 is the surface wave wavenumber and a is the plasma radius), i.e., when the wave does not « see » the radial inhomogeneities [20] . However, when it comes to matching experimental data concerning radially dependent quantities such as the radiative and metastable atom densities, this assumption is inaccurate, since these quantities are observed to depend closely on the electric field radial profile. The problem of calculating the exact electric field profile is that of solving a differential equation for Ez(r) that depends on the electron density radial profile. Unfortunately, this density radial profile is not known a priori and, actually, it depends on the electric field profile. This is thus a self-consistent problem. This problem was first solved [21] [22] .
For the low-pressure range of interest here (typically 1 torr), the values of the electron temperature are sufficiently high so that the inelastic losses are dominant as compared to the elastic ones ; hence, the term 3(m/M ) vx Te can be neglected in equation (1) . In this case, equation (1) [7, 24] . They indicate that a purely travelling wave is propagating away from the launcher. With reduced pressure plasma (v m), it has been shown that, for wave frequencies in the range 300-600 MHz, the calculated surface wave linear phase diagram (3 ) roi Wpe vs. fla (rope is the électron-plasma angular frequency) is satisfactorily verified ( Fig. 9 ; see also [7] ). where n &#x3E; is the cross-sectional average electron density given by :
and ao is the permittivity of free space. Figure 10 clearly shows the exponential-like decay of the surface wave in the direction transverse to its propagation. [26] in a microwave produced plasma column which is, in our opinion, a surface wave produced plasma but which is not identified as such by these authors. Figure 16 shows what happens to the radial profile of radiative atoms when a uniform axial DC magnetic field is applied [25] . The working conditions are set so that, with zero magnetic field value, the profile presents a deep minimum on the axis. As the electron- (From [23] .) cyclotron frequency' is raised, the profile tends to flatten. For electron-cyclotron frequencies much larger than the wave frequency, the profile shows a maximum on the axis. These results are connected with the fact that the surface wave, with increasing electroncyclotron frequency, progressively changes and finally transforms to a volume wave, i.e., a wave having its maximum value of electric field intensity on the axis [20] .
Figures 17 figure 13 ). In DC positive columns, the maximum value ouf thé radial density distributions of metastable and resonant atoms is always reached on the axis. This density value goes through a maximum as a function of the discharge current [21, 28] . As for surface wave produced plasmas, in the absence of standing wave conditions (see below), the radial position of the maximum value of these density distributions changes with the wave parameters. The maximum density value taken radially also goes through a maximum as a function of the wave parameters. The [29] . The solid line is calculated assuming Maxwellian electrons and ambipolar diffusion, using the Von Engel universal electron temperature curve. The dotted line is calculated from the electron temperature values determined by Ferreira [22] .
surface wave produced plasma can be determined experimentally from the wave damping [7] or from the electron density axial distribution [29, 30] . It can also be calculated from the published electron-neutral collision cross sections, provided the electron temperature is known. The points in figure 21 are collision frequency values determined from the experimental electron density axial distribution [29] . The full curve is that calculated using the electron temperature value estimated from the positive column theory [34] . The dotted line is calculated from the temperature values determined by Ferreira [22] Figure 22 shows how the argon plasma length increases with the microwave power accepted by the launcher. A shorter column length would be obtained with a gas having a higher ionization potential. Typically with hélium at 700 W, the column length is about 40 mm, i.e., more than ten times shorter than with argon. [17] .)
For tubes with internal diameters in the range 1 to 2 mm, the plasma diameter decreases only slightly from the launcher exit to the end of the column : for example, in argon with a tube of internal diameter 1.94 mm, it varies from 1.0 to 0.8 mm over a distance of about 400 mm. The smaller the tube diameter, the less the plasma diameter varies axially : with a tube of internal diameter 0.92 mm, the plasma diameter is about 0.6 mm over the total length obtained (150 mm) [24] . Figure 23 shows the cross-sectional average electron density measured in argon as a function of the axial position from the launcher exit, for three different values of the absorbed microwave power (6) (for 500 and 700 W, the plasma column extends beyond the 250 mm plotted in figure 23 ). As it is the case with the reduced pressure plasma, the electron density value, past a certain distance from the launcher (see footnote 1), decreases linearly along the column. Likewise, the behaviour of the plasma column as the microwave power to the launcher is increased from P 1 to P2 is exactly the same as with reduced pressure plasmas (compare figure 23 with figure 2 ) : the column length increases, the slope of the electron density is not modified, and the column obtained at power P2 is made up of the plasma column observed at power Pl, plus an additional length of plasma added on the high electron density side of the former column. In other words, when the microwave power is increased to P2, that part of the plasma column obtained at power P1 appears to be simply pushed away from the launcher, without being affected by the power increase. In figure 23 [36] . As a result, the plasma may be characterized by a gas temperature, an excitation temperature, and an electron temperature.
To determine the gas temperature (neutral atom temperature) of such argon or helium plasmas, we added a small amount of nitrogen, assuming that the temperature determined from the intensity distribution of the rotational levels of N2 is close to the main gas temperature. The recording of these rotational levels was performed in plasmas produced with 100 W or less. At a flow rate of 4.51/min., the rotational temperature for the mixture N 2 (0.3 % )-Ar(99.7 %) ranges from 2 150 K at 30 W to 2 800 K at 90 W [36] . For helium, with the same percentage of nitrogen, at 100 W, one finds 2 700 K at a flow rate of 125 ml/min., and 2 000 K for a flow rate of 500 ml/min. Thus, the gas temperature of argon and helium increases with the microwave power and decreases with the gas flow rate (especially with helium), a result that could be expected.
The excitation temperature obtained from the intensity distribution of ArI lines at 70 W decreases from 3 700 K at 200 ml/min. to 3 300 K at 1.41/min. [36] . In helium, in the power range 150-360 W, the excitation temperature seems to be almost independent of the flow rate over the interval 50-300 ml/min., yielding a value of about 4 000 K.
The electron temperature was not measured. Assuming the positive column theory to apply (ambipolar diffusion), the electron temperature is calculated to be of the order of 1 eV in argon [24] .
As a rule, the characteristics of these surface wave filamentary plasmas, as observed in argon, appear to be independent of the wave frequency [36] . [37] . This (pa) value corresponds to the minimum value that has been observed in positive columns [38] . An additional advantage of the surface wave plasma is that it is quiescent (low rate of électron density fluctuations (7)) over all its operat-(7 ) The rate of electron density fluctuations in surface wave plasma appears to be mainly determined by external conditions, such as the frequency and the power stability of the microwave power generator, the gas flow stability, the mechanical stability of the plasma tube, etc. ing pressure range, contrary to the situation in the positive column, which starts to be noisy at (pa) values above 10 to 20 x 10-3 torr-cm in mercury vapour and above 0.2 torr-cm in rare gases. A surface wave plasma is also free of the moving striations observed in DC discharges.
An interesting microwave produced plasma to compare the surface wave plasma with is that generated by a periodic helical launcher (Lisitano's coil [33] ). The launcher used [37] Thus, a population inversion is created and laser action will follow with proper optical cavity design [40] .
The F-atoms can be produced in a DC, RF or microwave discharge in a mixture of F-bearing molecules, such as SF6, and a rare gas. For such purposes, RF or microwave produced plasma sources are preferable to DC discharges, in which the electrodes would be attacked by the fluorine atoms. Two types of microwave produced plasmas were tested by Bertrand et al. [41] and compared in terms of the laser output power, the electrical and chemical efficiencies, the operating conditions, and the quality of the laser beam. These are the large microwave plasma (LMP) [5] , that uses a slow-wave structure which runs along the plasma tube, and the surface wave plasma.
The slow-wave structure is a linear, ladder-type, stripped-bar line, 18 cm long. It is operated at 2.45 GHz and microwave power up to 2.5 kW could be used.
As for the surface wave plasma, it is obtained from a water cooled surfatron, 8 cm long, operated at 915 MHz, with a maximum available power of 800 W.
In both cases, the plasma is produced in a mixture containing SF6, helium and oxygen, the relative concentration of these gases being set so as to maximize the laser output power [41] . The total pressure is about 5 torr. The laser operates in the 2.6 to 3 pm wavelength region, and its multiline output power, for example at 800 W of microwave power, can attain 9 W, provided sufficiently fast flow rates are realized (this is necessary to remove HF molecules once they returned to the ground state, in order to avoid photon absorption). Typical single-mode single-line laser powers for microwave powers in the range 400-500 W are 3 to 10 mW CW.
It was found [41] that, when operated at the same microwave power level, both devices have a comparable laser output power. However, the slow-wave structure can sustain higher microwave power, pro-viding larger laser output power. This is due to the fact that this surfatron uses a coaxial cable as a coupling means and that such cables are heated by dielectric losses, which limit their microwave power capacity. In the present case, the surfatron could be operated safely for long term periods at powers up to 500 W. Two types of plasma are commercially available, namely the direct current argon plasma (DCP) [42] and the radiofrequency inductively coupled argon plasma (ICP) [43] . In général, the analytical performances of the ICP source are superior to those of the DCP in terms of detection limits, dynamic range of element concentrations, and freedom from chemical interferences. However, the DCP can better tolerate high salt containing samples than the ICP, and it is also less expensive to operate : it requires a flow rate of only 2 to 31/min. of argon, whereas the ICP requires more than 151/min. The DCP generator is also less expensive than the RF generator needed for the ICP. Both commercial plasma sources cannot routinely be operated in gases other than argon or argon based gas mixtures. A third type of plasma, the microwaveinduced plasma (MIP) has also been used as excitation source for elemental analyses. The most commonly used MIP sources are operated in argon or helium (helium is more efficient than argon in terms of excitation) at low microwave power ( 200 W) in a fused silica tube at a fréquency of 2.45 GHz. These devices requires a very low gas consumption compared to DCP or ICP plasmas. The major problems encountered with the MIP sources are their long term stability related to the change in coupling between the microwave generator and the plasma with time. Two new MIP devices, the Beenakker TMo1o cavity [44] and the surfatron [36] The effects of other operating parameters like the gas flow rate, the plasma tube diameter, configuration and position, on emitted line intensities were also systematically investigated. The optimum gas flow rate is found to be at less than 100 ml/min. The emitted [50] . The requirements are for a maximum ion current of about 30 mA, at approximately 10 keV with an energy spread of less than 100 eV. The angular dispersion of the beam must be less than 150. The total electrical power consumption should be limited to 500 W and the total weight, including the ion gun, the gas handling system and the electronics, but excluding the high voltage supply, must not exceed 2.5 kg. The usual spatial constraints should also be met, such as, for example, good reliability, compatibi- In the present case, the surface wave plasma provides active nitrogen which is then mixed with SiH4, yielding deposits of silicon nitride (Si3N4) on substrates located in or near the reaction zone (Fig. 29) [17] . A concentric double wall fused silica tube is used (Fig. 30) . A surface wave argon plasma is first produced in the central tube using a surfatron launcher. Then the gas to be excited is introduced in the outer tube through a lateral inlet and it mixes with the plasma in the nozzle. This is an easy way to obtain relatively large percentages of ions and excited states [53] .
One such spectral lamp designed for UV emission has been qualitatively tested [17] . It uses a surface wave argon plasma produced inside a vacuum vessel. Part of the wave propagation occurs over a dielectric free region, i.e., the plasma is the only propagating medium (Fig. 31) 
